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Abstract Microorganisms have been reported to induce
settlement in various marine invertebrate larvae but their
specificity of inductive capacities for the settlement of
coral larvae remains poorly understood. In this study, we
isolated 56 microbial strains from the crustose coralline
alga (CCA) Hydrolithon reinboldii using five different
media either with or without additional antibiotics and/or
spiked CCA extract. We tested the isolates for their
potential to induce settlement behavior in larvae of the
brooding scleractinian coral Leptastrea purpurea. From
these 56 CCA-associated microbial strains, we identified
six bacterial classes and 18 families. The culturable bac-
terial community associated with H. reinboldii was domi-
nated by Gammaproteobacteria, Actinobacteria, and
Alphaproteobacteria while the Illumina MiSeq analysis
showed that the culture-independent bacterial community
was dominated by Gammaproteobacteria, Alphapro-
teobacteria, and Flavobacteria. Furthermore, we found no
correlation between inductive settlement capacities and
phylogenetic relationships. Instead, settlement behavior of
L. purpurea larvae was induced by specific isolated spe-
cies. Strains #1792 (Pseudovibrio denitrificans), #1678
(Acinetobacter pittii), #1633 (Pseudoalteromonas pheno-
lica), #1772 (Marine bacterium LMG1), #1721 (Microb-
ulbifer variabilis), and #1783 (Pseudoalteromonas rubra)
induced settlement behavior in coral larvae at mostly high
and significant levels (C 40%) but the remaining isolates
strongly varied in their activity. Multispecies biofilms
consisting of four strains (#1792, #1678, #1633, and
#1721) were observed to synergistically increase settle-
ment behavior levels ([ 90%); however, the addition of
#1772 to the multispecies biofilms negatively affected
coral larvae and resulted in a total loss of inducing activity.
The findings provide new insights into the role of bacteria
in the settlement process of scleractinian corals and may
help to identify the true nature of bacteria-derived mor-
phogenic cues.
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Introduction
Coral reefs are among the world’s most diverse ecosys-
tems. They serve as nursery grounds and feeding areas for
many reef-dependent animal species and affect humankind
by having major impacts on economy and even politics
(Pauly et al. 2002; Bellwood et al. 2004; Barbier et al.
2011). Unfortunately, coral reefs are also highly threatened
ecosystems mainly due to climate change leading to severe
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bleaching events on a global scale (Hoegh-Guldberg et al.
2007; Heron et al. 2016; Ainsworth et al. 2016). Because
threatened coral reef systems depend on the recruitment of
new individuals for recovery (Edmunds 2004; Negri et al.
2007), a better understanding of the recovery and popula-
tion dynamics of stony corals is necessary. The recruitment
process can be divided into (i) the development of com-
petent larvae in the water column (spawning corals) or
within the corals itself (brooding corals), (ii) the settlement
process (i.e., searching, attachment, and metamorphosis)
onto suitable substrates, and (iii) the survival of juvenile
corals (Ritson-Williams et al. 2009). Since the survival rate
of juvenile corals is likely influenced by the type of sub-
strate chosen for settlement (Harrington et al. 2004; Ritson-
Williams et al. 2010), finding a suitable settlement ground
may be the most critical step within the recruitment pro-
cess. It is widely accepted that the transition from plank-
tonic to benthic life stages of invertebrate larvae depends
on settlement cues that signal habitat suitability. These
cues can be of biological, physical, and/or chemical nature,
bearing information about the settlement habitat, or might
come in the form of environmental parameters. Many
studies have shown that coral larvae settle in response to
either live crustose coralline algae (CCA) (Morse et al.
1988, 1991; Price 2010; Ritson-Williams et al. 2014) or
organic crude extracts of the CCA (Heyward and Negri
1999; Harrington et al. 2004; Kitamura et al. 2009; Tebben
et al. 2015). For example, Tebben and colleagues (2015)
isolated two classes of CCA cell wall-associated com-
pounds, glycoglycerolipids and polysaccharides, which
induced settlement (attachment and metamorphosis) in
Acropora millepora larvae at equivalent concentrations
present in live CCA. However, ubiquitous microbial bio-
films, covering the surface of marine hard substrata such as
living CCA, have received attention too. Many studies
provided evidence that microbial biofilms are potent
inducers of settlement within a broad variety of inverte-
brate larvae, including echinoderms, polychaetes, molluscs,
barnacles, bryozoans, and cnidaria (Johnson et al. 1991;
Pawlik 1992 and referenced therein; Dobretsov et al. 2006;
Thiyagarajan et al. 2006; Hadfield 2011 and referenced
therein). Specifically, larvae of scleractinians have been
found to selectively settle on natural biofilms, containing,
for example, a variety of epiphytic bacteria and microalgae
but also on monospecific bacterial biofilms isolated from
CCA (Negri et al. 2001; Webster et al. 2004; Erwin et al.
2008). Tetrabromopyrrole, a secondary metabolite isolated
from a CCA-associated Pseudoalteromonas strain, induced
metamorphosis without prior attachment in larvae of the
spawning coral A. millepora (Tebben et al. 2011). Further
studies revealed that this compound induces settlement
(attachment and metamorphosis) in larvae of the brooding
coral Porites astreoides as well as in larvae of the
broadcast-spawning corals Orbicella franski and Acropora
palmata (Sneed et al. 2014). These discoveries gave first
insights into the broad range of morphogenic cues and
demonstrate the role that microorganisms may play in the
coral recruitment process. However, some reported bio-
films did induce metamorphosis without prior attachment
and thus resulted in unsuccessful settlement (Negri et al.
2001; Tebben et al. 2011). In addition, their effect on coral
settlement was often tested using natural biofilms with
largely unknown bacterial compositions that had developed
on glass slides in the water column (Webster et al. 2004;
Erwin et al. 2008). Thus, only a few studies investigated
the diversity of culturable bacteria associated with CCA
and have proven the ability of monospecific biofilms to
induce complete settlement in scleractinian coral larvae
(Tran and Hadfield 2011; Sneed et al. 2014). In continua-
tion of our research interest into the recruitment and sur-
vival of reef-building stony corals (Kitamura et al. 2009;
Moeller et al. 2017, 2019; Nietzer et al. 2018), we aimed to
isolate bacterial strains from the biofilm associated with the
CCA Hydrolithon reinboldii and systematically test each
bacterial isolate, as well as combinations of selected iso-
lates, for its ability to induce settlement behavior (attach-
ment and/or metamorphosis) in larvae of the scleractinian
brooding coral Leptastrea purpurea.
Material and methods
Collection of crustose coralline algae (CCA)
and Leptastrea purpurea corals
All CCA and Leptastrea purpurea corals were collected
snorkeling from a depth between one and two meters
between April and July 2010 in Luminao, Guam
(132705300 N, 1443805400 E). CCA pieces of Hydrolithon
reinboldii, which had completely overgrown dead coral
rubble, were collected by hand. CCA were identified by
comparing collected specimen with voucher material at the
UOG (University of Guam) Marine Laboratory. Dr. Mark
Littler, a known CCA taxonomist, had previously identified
and deposited CCA vouchers at the UOG Marine Labora-
tory collection. Identification based on the voucher mate-
rial was conducted by Dr. Peter Schupp and additional
vouchers were deposited to the Marine Laboratory collec-
tion. Furthermore, 80 colonies of L. purpurea were cau-
tiously detached from substrate with hammer and chisel.
After sampling, both CCA and corals were transported to
the Marine Laboratory facility at the University of Guam
and placed in 500 l basins with a steady flow-through of
sea water from Pago Bay (132503600 N, 1444705600 E) at
ambient temperature (28–29 C). After two days of accli-
mation, CCA and coral colonies were transferred to a
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3500 l flow-through tank for larval collection. The CCA
were kept in the tank for one week and L. purpurea corals
for a duration of four months until replanting both to the
Luminao Reef.
Isolation and identification of bacteria
Media for the isolation of bacteria were inoculated the
same day that the CCA H. reinboldii were collected. For
this purpose, agar plates of four nutrient-rich and one
minimal media (M1, M5, AC, 1:1 MB, and M8, respec-
tively) were used for bacterial isolation (see list of media
recipes in online resource 1 for details). Furthermore,
additional agar plates of both M1 and 1:1 MB media were
supplemented with rifampicin (5 lg ml-1) and Gentamicin
(2 lg ml-1), two broad-spectrum antibiotics. Additionally,
further agar plates of 1:1 MB, AC, and M8 media were
supplemented with CCA extract and the two broad-spec-
trum antibiotics. The extract was obtained by extracting
3.2 kg of CCA pieces which were completely overgrown
by H. reinboldii with 70% EtOH for 5 h. Four iterations of
this process yielded 26.5 g crude extract. After autoclave
sterilization, the media were supplemented with CCA
extract, using two parts by weight of extract dissolved in
one part by weight of EtOH. The weight of the CCA
extract added to 1 l medium equates to the weight of CCA
extract extracted from 1 kg CCA. Therefore, 8.28 g CCA
extract and 4.14 g EtOH were added to 1 l of the respective
medium. Table 1 shows all used media for the isolation of
the CCA-associated bacteria. In general, four techniques
were used for bacterial isolation on all media types shown
in Table 1: (i) the surface of the CCA was scraped off using
a sterile scalpel. The algae biomass had been diluted with
autoclaved, filtered seawater (80 lm, Whatman, GE
Healthcare, Chalfont St Giles, UK) and the following
dilution series (1:1, 1:10, 1:100, and 1:1000) of the CCA
suspension was spread on agar plates using 100 ll,
respectively. (ii) A further dilution series (similar as above)
of CCA suspension was heated to 55 C for 10 min in
order to isolate spore-forming bacteria and spread onto
agar plates. (iii) Sterile cotton swabs wiped the surface of
the CCA for 15 s. Afterward, the swabs were used for
dilution streaks on agar plates. (iv) Small pieces of dead
coral rubble (approx. 4 cm) overgrown with CCA were
touched to the agar surface three times and then left on the
plates. All four isolation techniques were applied in trip-
licate. For initial isolations of bacteria from CCA, cyclo-
heximide (100 lg ml-1) was added to each medium after
autoclave sterilization. The inoculated Petri dishes were
stored for seven days at 27 C. All plates were checked for
different morphotypes as well as for the amount of colony
forming units (CFUs) on a daily basis. After the first week,
plates were continuously checked for new colonies every
three days. This monitoring was carried out for one month.
All different morphotypes detected during evaluations
were isolated by streaking on fresh agar plates of the cor-
responding media to obtain axenic cultures. The bacterial
isolates were identified by 16S rRNA gene Sanger
sequencing. Therefore, DNA of most strains was extracted
using the freeze–thaw method. Cell material from agar
plates was sampled and mixed with 40 ll nuclease-free
water. After a 5-s vortex step, the suspension was incu-
bated at - 20 C for 30 min. DNA of an actinomycete was
not accessible with this method and was therefore extracted
using the Qiagen DNeasy Extraction Kit (Qiagen, Venlo,
The Netherlands). Molecular amplification of the 16 s
rRNA region was performed using the forward primer 27f
and the reverse primer 1492r (Jiang et al. 2006). Per
sample, the PCR mixture consisted of 35 ll filter-sterilized
Omnipur H2O, 5 ll 10 9 buffer, 2 ll 27f primer, 2 ll
1492r primer, 4 ll dNTP’s, 0.5 ll Taq-polymerase, and
1.5 ll of extracted DNA. The program and settings of the
amplification contained the following steps: initial denat-
uration at 95 C for 5 min, 30 cycles of denaturation at
95 C for 60 s, annealing at 55 C for 60 s, elongation at
72 C for 1 min 30 s, a final elongation at 72 C for
10 min, and cooling at 4 C. Sanger sequencing was per-
formed by MacroGen (Seoul, South Korea) using 27f as the
sequencing primer. Reads were trimmed with DNA Baser
version 3.5.2.4 until there were 99% good bases (quality
value\ 21) in each 20-base window. Subsequently, the
reads were compared by BLASTn (Altschul et al. 1990) to
Table 1 Overview of media used for bacterial isolation
Media Unmodified 1 Rifampicin 1 Gentamicin 1 CCA extract and Rifampicin 1 CCA extract and Gentamicin
M1 x x x
M5 x
M8 x x x
AC x x x
1:1 MB x x x x x
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the 16S rRNA genes in the SILVA database of type strains
(Quast et al. 2013).
DNA extraction and MiSeq microbiome analyses
For the investigation of the non-culturable CCA-associated
bacterial communities, loose CCA fragments (3–5 cm in
length and ca. 1 cm in diameter) were collected in sterile
falcon tubes from sand and coral rubble patches at Lumi-
nao Reef (n = 3) to assess the overall CCA microbiome. In
addition, the surface of the CCA fragments was wiped
underwater with sterile cotton swabs (n = 3) to determine
the surface-associated microbiome. Surface sediments
were collected underwater by scraping the top 1 cm into
sterile falcon tubes (n = 3) for comparison with the CCA-
associated microbiome. All samples were preserved in
100% EtOH in the field, transported in a cooling box to the
UOG laboratory and there stored at - 20 C until DNA
isolation was carried out using the Qiagen DNeasy Pow-
erSoil Kit. CCA fragments were crushed in a sterile mortar
previous to processing. Prior to DNA isolation, cell mate-
rial was centrifuged, and the supernatant was removed. For
each sample, a barcoded 16S rRNA gene PCR was per-
formed with primers amplifying a 292 bp fragment in the
V4 region as previously described (Kozich et al. 2013).
The composite forward primer consisted of the Illumina 50
adapter, a 8-nt barcode, a 10-nt pad sequence, a 2-nt linker
and the 515F-Y 16S rRNA gene-specific primer (Parada
et al. 2016), whereas the composite reverse primer con-
sisted of the Illumina 30 adapter, a 8-nt barcode, a 10-nt pad
sequence, a 2-nt linker, and the 806rB 16S rRNA gene-
specific primer (Apprill et al. 2015). PCR amplifications
were performed in a reaction volume of 25 ll containing
5 ll Green GoTaq reaction buffer (Promega, Madison,
USA), 0.5 ll 10 mM dNTPs (Promega), 0.5 ll 10 lM
forward primer, 0.5 ll 10 lM reverse primer, 0.15 ll
GoTaq DNA polymerase (5U ll-1, Promega) and 1 ll
template DNA (0.1–10 ng ll-1). The PCR program con-
sisted of: initial denaturation of 2 min at 95 C; 30 cycles
of denaturation at 95 C for 20 s, annealing at 55 C for
15 s, and extension at 72 C for 2 min; and final extension
at 72 C for 10 min. Samples were amplified in triplicate,
after which the reaction volumes were pooled and 5 ll
combined solution was run on a 1% agarose gel to assess
amplification success. Subsequently, the PCR products
were purified using the QIAquick PCR Purification Kit
(Qiagen). DNA was eluted from the spin column with
10 ll distilled DNase/RNase-free water (Invitrogen, Wal-
tham, USA). The DNA concentration of the elute was
measured with the Nanodrop 2000c (Thermo Fisher Sci-
entific, Waltham, USA). An equimolar mixture of PCR
products from unique samples, i.e., a sample library, was
prepared and run on a 1% agarose gel. The gel band
at * 292 bp was extracted and purified using the Zymo-
cleanTM Gel DNA Recovery Kit (Zymo Research, Irvine,
USA). Elution was done with distilled DNase/RNase-free
water. The sample mixture was reduced in volume by
vacuum drying and subsequently sent for Illumina paired
end MiSeq sequencing (2 9 250 bp) at GATC Biotech. A
negative control sample, which was obtained via a PCR
reaction without template DNA, was also included in the
sample library because weak amplification was regularly
detected in PCRs without template. The 16S rRNA gene
amplicon sequences were deposited in the ENA SRA
database under accession number PRJEB31052 (see also
Table 2).
Processing of amplicon data
The 16S rRNA gene reads were processed with the MiSeq
standard operating procedure of the open source software
package mothur (Kozich et al. 2013) (https://www.mothur.
org/wiki/MiSeq_SOP, accessed November 30, 2017). In
brief, reads were quality-filtered, assembled into contigs,
filtered for chimeras with the VSEARCH algorithm
(Rognes et al. 2016), and clustered into operational taxo-
nomic units (OTUs) based on a 97% identity threshold. The
OTUs were annotated with the Ribosomal Database Project
Classifier (Wang et al. 2007) using the SILVA SSU NR
128 database as a reference (Quast et al. 2013). OTUs that
were detected at a higher relative abundance in the nega-
tive control sample than in our biological samples were
removed from the OTU table because they were assumed
to represent contamination. R version 3.4.3 (R develop-
ment Core Team) was used to execute R packages. R
package ‘‘phyloseq’’ version 1.22.3 was used to rarefy
samples to even depth. Hereafter, microbiome data from
the Illumina MiSeq analysis are given in mean ? standard
error (SE).
Settlement behavior assays
Colonies were placed onto trays made of egg crate for
better handling and collection of larvae was conducted as
described in Nietzer and colleagues (2018). Monospecific
biofilms of the isolated bacteria were grown on sterile
coverslips and tested for coral larvae settlement behavior.
Therefore, all isolates were grown in liquid 1:1 MB media
(without agar) for 24–48 h. Three sterile coverslips were
placed in one sterile Petri dish, covered with the respective
liquid bacterial culture and incubated for 24 h at 22 C to
ensure biofilm formation. After the 24 h incubation period,
each cover slip was placed with the overgrown side facing
upward into a sterile Petri dish filled with 10 ml filtered
and sterilized seawater. In most cases, biofilms grew
evenly and were clearly visible. However, in some cases
384 Coral Reefs (2021) 40:381–394
123
Table 2 List of bacterial strains isolated from Hydrolithon reinboldii.
All strains were identified by 16S rRNA gene Sanger sequencing
using the Silva database of type strains as reference. Settlement-
inducing activity (strong, moderate, weak, and none) is based on
experimental results shown in Fig. 3. n.i.: not identified; *: induced
settlement behavior in Leptastrea purpurea on a significant level
(p\ 0.05). For comparison between the culturable bacterial commu-
nity and the culture-independent bacterial community, genus-level
annotations of the Sanger sequencing were matched with the genus-
level annotation of the OTUs from Illumina MiSeq sequencing (?:
positive hit, -: no hit). Accession numbers refer to the genetic
sequence database GenBank











#1792* Proteobacteria Pseudovibrio denitrificans 100 MK501366 - - -
#1678* Proteobacteria Acinetobacter pittii 100 MK501339 ? - ?
#1633* Proteobacteria Pseudoalteromonas
phenolica
99 MK501373 ? ? ?
#1772* Proteobacteria Marine bacterium
LMG1 (99% similar to
Pseudoalteromonas rubra)
99 MK501378 - - -
#1721 Proteobacteria Microbulbifer variabilis 99 MK501375 - - -
Moderate (‡ 20%)
#1783* Proteobacteria Pseudoalteromonas rubra 99 MK501360 ? ? ?
#1712 Actinobacteria Kocuria turfanensis 98 MK501374 - - -
#1754 Proteobacteria Ruegeria arenilitoris 100 MK501377 - - -
#1621 Proteobacteria Vibrio natriegens 99 MK501322 ? ? ?
#1649 Proteobacteria Vibrio sp. 96 MK501328 ? ? ?
#1684 Proteobacteria Acinetobacter pittii 100 MK501341 ? - ?




99 MK501344 - - -
#1703 Proteobacteria Pseudomonas
pseudoalcaligenes
98 MK501347 ? - -
#1720 Proteobacteria Pseudomonas stutzeri 99 MK501355 ? - -
#1761 Proteobacteria Vibrio coralliilyticus ATCC
BAA-450
99 MK501359 ? ? ?
#1810 Proteobacteria Pantoea eucrina 99 MK501372 - - -
#1652 Proteobacteria Vibrio maritimus 98 MK501329 ? ? ?
#1701 Actinobacteria Kocuria halotolerans 98 MK501346 - - -
#1634 Proteobacteria Alteromonas confluentis 98 MK501324 ? ? ?
#1645 Proteobacteria Vibrio azureus 99 MK501327 ? ? ?
#1689 Proteobacteria Pseudomonas taiwanensis 99 MK501343 ? - -
#1797 Proteobacteria Vibrio alginolyticus 99 MK501368 ? ? ?
#1636 Bacteroidetes Aquimarina sp. 96 MK501325 - - ?
#1668 Proteobacteria Ruegeria arenilitoris 98 MK501334 - - -
#1694 Proteobacteria Paracoccus
zeaxanthinifaciens
100 MK501345 - - ?
#1805 Proteobacteria Labrenzia alba 99 MK501369 ? ? ?
#1809 Proteobacteria Ruegeria atlantica 99 MK501371 - - -
None
#1632 Bacteroidetes Aquimarina spongiae 99 MK501323 - - ?
#1641 Proteobacteria Pseudoalteromonas
flavipulchra
100 MK501326 ? ? ?
#1656 Actinobacteria Streptomyces flavoviridis 100 MK501331 - - -
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where strains grew patchy and coagulative, bacterial cell
agglomerates attached to the top of the coverslips were
placed together with the coverslips into the Petri dishes. To
generate multispecies biofilms, selected strains were cul-
tured in liquid media as described above and following
24–48 h incubation, 10 ml from each culture were mixed
together. Finally, the bacterial mixture was poured onto
three coverslips. Further steps to generate multispecies
biofilms proceeded as described above for the generation of
monospecific biofilms. As positive controls, four pieces of
fresh H. reinboldii (ca. 3 9 3 9 2 mm) on top of a sterile
coverslip were added to a sterile Petri dish filled with 10 ml
FSW as positive control. The negative controls were pre-
pared in the same way without CCA pieces. Each bacterial
biofilm, including the multispecies biofilms, was tested in
triplicate (n = 3), with each replicate containing five ran-
domly selected L. purpurea larvae mixed from all 80 coral
colonies. All larvae were between one and three days old
and therefore well within the timeframe where no differ-
ence in settlement behavior should be observed (see
Table 2 continued












99 MK501332 - - ?
#1663 Proteobacteria Pseudoalteromonas
luteoviolacea
99 MK501333 ? ? ?
#1670 Proteobacteria Pseudoalteromonas
luteoviolacea
99 MK501335 ? ? ?
#1671 Proteobacteria Marinibactrum sp. 94 MK501336 - - -
#1675 Proteobacteria Vibrio alginolyticus 99 MK501337 ? ? ?
#1676 Actinobacteria Micrococcus aloeverae 100 MK501338 - - -
#1682 Actinobacteria Rhodococcus
corynebacterioides
99 MK501340 - - -
#1686 Firmicutes Exiguobacterium
profundum
99 MK501342 - - -
#1705 Proteobacteria Pseudomonas balearica 99 MK501348 ? - -
#1708 Actinobacteria Dietzia kunjamensis 100 MK501349 - - -
#1711 Actinobacteria Micrococcus aloeverae 100 MK501350 - - -
#1714 Actinobacteria Mycobacterium franklinii 100 MK501351 ? - -
#1716 Proteobacteria Halomonas aquamarina 99 MK501352 ? ? ?
#1718 Firmicutes Staphylococcus epidermidis 100 MK501353 - - -
#1719 Firmicutes Exiguobacterium
profundum
99 MK501354 - - -
#1729 Proteobacteria Microbulbifer agarilyticus 99 MK501356 - - -
#1744 Actinobacteria Micrococcus aloeverae 99 MK501357 - - -
#1759 Proteobacteria Pseudoalteromonas
phenolica
100 MK501358 ? ? ?
#1784 Proteobacteria Pseudoalteromonas
luteoviolacea
99 MK501361 ? ? ?
#1786 Proteobacteria Loktanella pyoseonensis 99 MK501362 - - -
#1787 Firmicutes Bacillus cereus 100 MK501363 - - -
#1789 Proteobacteria Vibrio owensii 99 MK501364 ? ? ?
#1790 Bacteroidetes Algoriphagus sp. 96 MK501365 - - -
#1794 Proteobacteria Photobacterium sp. 96 MK501367 ? ? ?
#1808 Proteobacteria Oceanicella sp. 95 MK501370 - - -
* Induced settlement behavior in Leptastrea purpurea on a significant level (p\ 0.05)
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Nietzer et al. 2018). Replicates of the positive and negative
controls were treated equally; however, there were not
enough larvae to perform all experiments in one day or to
perform controls for each individual strain. Therefore,
typically one to five strains were tested at the same time
against one positive (n = 3) and one negative (n = 3)
control, depending on the availability of larvae. Overall, 70
positive and 70 negative controls were conducted during
mono- and multispecies biofilm settlement experiments.
After Petri dishes had been prepared, they were placed
outside in the shade to avoid high solar radiation. The
temperature within the Petri dishes varied depending on the
outside temperature (between 25 and 31 C) as no incu-
bator was available at the time. Preliminary experiments
showed that the most larval settlement behavior happens
within the first 48 h. Using a stereomicroscope, larval
reactions were differentiated into four categories:
(i) swimming larvae (no reaction), (ii) attachment, (iii)
metamorphosis, and (iv) settlement (attachment and
metamorphosis) (Fig. 1). The last three reactions (ii–iv)
were considered as general settlement behavior. Coral
larvae were designated ‘‘attached’’ if soft water movements
by a pipette motion (ca. 0.5 ml s-1, 1 mm diameter and in
5 mm distance to the larvae) could not detach them. Fur-
thermore, larvae were designated ‘‘metamorphosed’’ as
soon as they developed an oral disk and clearly visible
septae. It was observed that larvae can perform metamor-
phosis prior to attachment; however, this phenomenon did
not lead to successful settlement. After metamorphosis,
young polyps show typical ‘‘flower-like’’ forms. Finally,
larvae were designated ‘‘settled’’ if both reactions (ii) and
(iii) described above happened. Hereafter, settlement
behavior data are given in mean ? standard error (SE).
Figure 1a–d displays the four stages: swimming (no reac-
tion), attachment, metamorphosis, and settlement in larvae
of L. purpurea. Coral larvae settlement behavior was
assessed after 48 h. Since settlement behavior data were
not normally distributed, all data points were tested against
the negative controls for significance (except for those
whose three replicates of one treatment were all 0) using a
nonparametric Kruskal–Wallis test followed by a pairwise
Dunn’s test with Bonferroni correction to perform multiple
comparisons. Taking into account that one negative control
was performed for multiple strains, settlement behavior
data of each biofilm tested in triplicate, including multi-
species biofilms, were compared to the sum of negative
controls with n = 70.
Results
The isolation of bacteria from the CCA Hydrolithon rein-
boldii resulted in 56 strains. These strains belonged to six
classes and 18 families (see Fig. 2 and Table 2). The cul-
turable bacteria associated with H. reinboldii were domi-
nated by Gammaproteobacteria (29 strains), followed by
Actinobacteria (10 strains) and Alphaproteobacteria (9
strains). The bacterial classes Bacilli, Flavobacteria, and
Cytophagia were only weakly represented with solely 5, 2,
and 1 culturable strains, respectively. At family level (see
Fig. 2), the CCA-associated bacterial community was
dominated by Vibrionaceae and Rhodobacteraceae (both 9
strains), followed by Pseudoalteromonadaceae (7 strains),
Alteromonadaceae and Micrococcaceae (5 strains, respec-
tively), Pseudomonadaceae (4 strains), and Bacillales
incertae sedis (3 strains). The remaining 14 bacterial strains
were assigned to 11 families. Of all 56 isolates, 49 strains
could be identified on species level (see Table 2). Although
a broad range of different media with several supplements
were used for the bacterial isolation experiments, we did
not observe a clear benefit from certain media, treatments,
or supplements such as CCA extract or antibiotics, except
for MB media. Almost all strains used in the present study
were exclusively isolated from MB plates.
All 56 isolated microbial strains were used for the set-
tlement behavior experiments. In most cases, there was
large variation in induction by the strains. The six isolates
#1792 (Pseudovibrio denitrificans; 73.3 ± 13.3%), #1678
a b c d
Fig. 1 (a) No reaction: free swimming planula of Leptastrea
purpurea, (b) attachment: roundish and attached larva, (c) metamor-
phosis: metamorphosed larva swimming (not attached) in the water
column, and (d) settlement: attached and metamorphosed primary
polyp. Scale bar: 1.0 mm
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(Acinetobacter pittii; 53.3 ± 24.0%), #1633 (Pseudoal-
teromonas phenolica; 46.7 ± 6.7%), #1772 (Marine bac-
terium LMG1; 46.7 ± 26.7%), #1721 (Microbulbifer
variabilis; 40 ± 23.1%), and #1783 (Pseudoalteromonas
rubra; 33.3 ± 6.7%) mostly induced settlement behavior at
moderate (C 20%) to high (C 40%) and significant (except
for #1721) levels in L. purpurea larvae (see Fig. 3 and
Table 2). Another six strains induced moderate mean set-
tlement behavior responses above 20% but mostly had
large variations and were therefore not significantly dif-
ferent from the negative control. In another 16 strains,
some settlement behavior was observed, although at low
mean rates (below 20%) with large variations. The
remaining 28 bacterial strains did not induce any settlement
behavior at all. Attachment without metamorphosis was
observed only in a few instances (0.8 ± 3.1% of all coral
larvae), while metamorphosis in the water column was
observed more frequently but again at very low levels
(3.0 ± 5.8% of all tested larvae in response to biofilms).
Interestingly, the latter phenomenon was only recorded in
response to five bacterial strains (strains #1634, #1810,
#1693, #1694, and #1701). Positive and negative controls
resulted in 82.6 ± 2.2% and 0.6 ± 0.9% settlement
behavior and provided a robust control setup throughout
the larval experiments.
Interestingly, coral larvae exposed to monospecific
biofilms of the two Pseudoalteromonas strains #1784 (P.
luteoviolacea, data not shown in Fig. 3) and #1783 (P.
rubra) as well as strain #1772 (Marine bacterium LMG1)
showed another reaction besides settlement behavior.
Larvae exposed to strain #1784 became immobile and in
some cases disintegrated after 24 h. After 48 h, all tested
coral larvae had died and fully disintegrated. The bacterial
strains #1772 and #1783 induced similar mortalities in L.
purpurea larvae. Within the first 48 h, exposure to each of
the two strains resulted in at least 20% mortality. After
72 h of exposure to strain #1772 or strain #1783 mortalities
had increased to 40 and 100%, respectively. In comparison,
the negative controls remained unaffected and alive after
72 h. Because of the latter observations, additional exper-
iments were performed comparing larval mortalities after
exposure to multispecies biofilms with or without strain
#1772 (see Fig. 4). Strains that were observed to cause
strong settlement behavior (above 40% on average) in coral
larvae were used for the experiment. For this purpose,
strains #1792, #1678, #1633, #1772, and #1721 were
selected to create a multispecies biofilm. Coral larvae
exposed to this multispecies biofilms all died within 24 h
(see Fig. 4, mix ? #1772). In contrast, multispecies bio-
films composed of the same strains but without #1772
resulted in high levels of settlement behavior (93.2 ± 6.6%
after 48 h) and no mortality, thereby surpassing the posi-
tive control.
The bacterial communities from CCA fragments (n = 3),
CCA cotton swabs (n = 3) and for comparison from sedi-
ment samples (n = 3) and a negative control (n = 1) were
investigated by 16S rRNA gene amplicon sequencing. Pro-
cessing of the 16S reads with Mothur yielded 134,467 high-
quality reads, with an average sequencing depth of
13,447 ± 14,324 reads. One CCA cotton swab sample had
relatively low sequencing depth (129 high-quality reads),
and it was therefore removed from further analysis. Subse-
quently, contamination was reduced by subtraction of OTUs






































Fig. 2 Culturable bacterial community of Hydrolithon reinboldii at family level. All strains were identified by 16S rRNA sequencing using the
primers 27f and 1492r and comparison of sequences with the Silva database of type strains
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Finally, the remaining samples were rarefied to an even
sequencing depth of 2640 reads. Figure 5 shows that the
bacterial communities of all samples were dominated by
Proteobacteria. In CCA swabs, Gammaproteobacteria
accounted for 52.4 ± 18.5% on average, followed by
Alphaproteobacteria with 8.6 ± 0.1%. Beta-, Delta-, and
Epsilonproteobacteria averaged B 5%. In contrast, the
community of Proteobacteria in CCA fragments was dom-
inated by lpha- (25.5 ± 3.4%) and Deltaproteobacteria
(18.1 ± 6.5%), while Gammaproteobacteria accounted for
only 11.6 ± 0.5% and Beta- as well as Epsilonproteobac-
teria stayed below 1%. The Proteobacteria community of the
sediment samples was dominated by Gamma-, Delta-, and
Alphaproteobacteria (25.5 ± 1.7%, 11.6 ± 2.2%, and
10.7 ± 0.9%, respectively) with Epsilon- and Betapro-
teobacteria being below 1% too. However, Fig. 5 shows that
the phyla Planctomycetes and Bacteroidetes were present in
all samples. With some variation, the phylum Cyanobacteria
was found in all samples as well, although only in low
abundance in swab 1. Other phyla that were found in all
samples include Acidobacteria, Chloroflexi, Verrucomicro-
bia, Tenericutes, and Actinobacteria as well as unclassified
bacteria. Further phyla that were found in different samples
only accounted with minor amounts (\ 1%) and were
therefore included as ‘‘Other phyla.’’ Comparing the genus-
level annotations of our CCA isolates from sanger
sequencing with the genus-level annotation of the OTUs
from Illumina MiSeq sequencing revealed that 11 of the 28
culturable genera were also detected in samples of either
sediment, CCA fragments and/or CCA surface swabs (see
Table 2). The two culturable genera Mycobacterium and
Pseudomonas were exclusively detected in the sediment, the
genera Aquimarina and Paracoccus were exclusively
detected in CCA surface swabs, and no genus was exclu-
sively detected in CCA fragments. Of the five isolates that
significantly induced settlement behavior in coral larvae at
high and moderate levels, only the two genera Pseudoal-
teromonas (#1633 and #1783) and Acinetobacter (#1678)
were detected in the Illumina MiSeq samples, including
CCA fragments, CCA swabs, and sediment.
Discussion
In this study, fragments of the CCA Hydrolithon reinboldii
and swabs from the CCA surface led to the isolation of 56
microbial strains from 6 different bacterial classes and 18












































































































 Alphaproteobacteria 6 (9)
 Gammaproteobacteria 17 (30)
 Actinobacteria 3 (10)
 Flavobacteria 1 (2)






Fig. 3 Settlement behavior of Leptastrea purpurea larvae in response
to monospecific biofilms of bacterial strains isolated from Hy-
drolithon reinboldii. Legend: numbers behind class names represent
the quantity of inductive strains. Numbers in brackets represent the
quantity of tested strains within a class. Colored bars represent mean
settlement behavior of coral larvae (n = 3) and standard errors ( ±).
CCA served as positive control (n = 70) while FSW (filtrated
seawater) served as negative control (n = 70). Percentages of
swimming and dead larvae are displayed in light and dark gray,
respectively. Bacterial strains inducing at significant levels were
marked with *(p\ 0.05)
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settlement behavior of L. purpurea larvae was found to be
statistically significant: strain #1792 (Pseudovibrio deni-
trificans), #1678 (Acinetobacter pittii), #1633 (Pseudoal-
teromonas phenolica), #1772 (Marine bacterium LMG1),
and #1783 (Pseudoalteromonas rubra). That is, the
inductive effects of bacterial isolates on coral larvae were
found to be strain specific rather than exclusively linked to
certain higher taxonomic levels, as, for example, the five
isolates #1792, #1678, #1633, #1772, and #1783 that
induced the highest and significant settlement behavior
rates in this study belonged to five different species, three
different genera, and two classes of bacteria. Similar results
were reported by Tran and Hadfield (2011), who recorded
settlement in larvae of the scleractinian coral Pocillopora
damicornis in response to monospecific biofilms. They also
concluded that there was no correlation between inductive
capacities and phylogenetic relationships.
In this work, strain #1792 induced settlement behavior
in L. purpurea larvae at the highest level compared to the
other isolates. This genus has been isolated from a great
variety of marine sources (Romano 2018 and referenced
therein) and has shown to produce versatile secondary
metabolites with several activities, including antibacterial
(Penesyan et al. 2011) and cytotoxic (Rodrigues et al.
2017) effects. Interestingly, diindol-3-ylmethanes, isolated
from Pseudovibrio denitrificans, showed moderate to
strong inhibitory effects against larval settlement of the
barnacle Balanus amphitrite (Wang et al. 2015). To the
best of our knowledge, this is the first report of Pseu-
dovibrio denitrificans inducing settlement behavior in lar-
vae of a scleractinian coral. Hence, future studies on the
isolate #1792 belonging the genus Pseudovibrio and its
putative settlement cues for coral larvae are of interest. In
contrast, strain #1678 belongs to a genus, namely Acine-
tobacter, which is known to induce moderate settlement in
larvae of the scleractinian coral Pocillopora damicornis
(Tran and Hadfield 2011). Unfortunately, the settlement
inducing activity of this genus has not yet been linked to a
certain chemical compound. Instead, a not further deter-
mined strain of Acinetobacter has been reported to produce
the bromoindole derivative 6-bromoindole-3-carbaldehyde
that inhibited the attachment of barnacle larvae (Olguin-
Uribe et al. 1997). Strains #1633 (Pseudoalteromonas
phenolica) and #1783 (P. rubra) belong to the genus
Pseudoalteromonas and induced settlement behavior in L.
purpurea larvae at high or moderate and statistically sig-
nificant levels. A species of this genus, isolated from the
CCA Hydrolithon onkodes, was reported to induce signif-
icant levels of metamorphosis in larvae of the corals
Acropora willisae and A. millepora (Negri et al. 2001).
Furthermore, both Tebben et al. (2011) and Sneed et al.
(2014) isolated the morphogen tetrabromopyrrole from a
CCA-associated Pseudoalteromonas strain. This cue
induced metamorphosis and even settlement of several
coral larvae, including the brooding coral Porites
astreoides as well as the spawning corals Orbicella franksi,
A. palmata and A. millepora. Noteworthy, strain #1772 had
been identified as Marine bacterium LMG1 but shared a
similarity of 99% with the species Pseudoalteromonas
rubra using BLASTn and the genetic sequence database
GenBank. Thus, further studies on the metabolomes of the
two inductive Pseudoalteromonas strains #1633 and #1783
as well as on strain #1772 (Marine bacterium LMG1) will
be conducted and may reveal the presence of tetrabro-
mopyrrole and/or other possible inducers.
In general, rates of coral settlement behavior varied
among all categories (strong, moderate, and weak) and
isolates in the preset study, resulting in the majority of
induction effects remaining insignificant compared to the
negative controls. The problem of not showing many sta-
tistically significant results, in spite of high settlement
behavior rates, were the high standard errors, ultimately
leading to a high number of statistically insignificant
results. A reason for the observed high variability among
replicates in each treatment might have been the low
numbers of replicates (n = 3) and larvae per replicate (5),
due to limitation of available larvae specimen in general.
Differences in the inductive activity among bacterial
strains again might be a result of the non-standardized
biofilms, as cell numbers for, e.g., inoculation were not
Fig. 4 Effect of multispecies biofilms on the settlement behavior of
Leptastrea purpurea larvae. Multispecies biofilms were composed of
strains #1792 (Pseudovibrio denitrificans), #1678 (Acinetobacter
pittii), #1633 (Pseudoalteromonas phenolica), and #1721 (Microb-
ulbifer variabilis) either with or without strain #1772 (Marine
bacterium LMG1). Black bars represent mean settlement behavior of
coral larvae (n = 3) and standard errors ( ±). CCA served as positive
control (n = 70) while FSW (filtrated seawater) served as negative
control (n = 70). Percentages of swimming and dead larvae are
displayed in light and dark gray, respectively. Inducing activities at
significant levels were marked with *(p\ 0.05)
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counted. Although all liquid pre-cultures were incubated
for the same time (48 h) and biofilms were clearly visible
on the coverslips, there might have been large variations in
the growth rates among the isolates. As a result, bacterial
overgrowth and associated toxic by-products as well as the
sheer density of some bacterial biofilms might have
affected L. purpurea larvae and contributed to the overall
variability of larval settlement behavior in response to the
different strains. It is noteworthy that all larvae that did not
settle in response to monospecific biofilms of strains #1772
and #1783 (P. rubra) died soon after. Separate from set-
tlement compounds like tetrabromopyrrole, Pseudoal-
teromonas spp. are prolific producers of potent natural
products such as antibacterials and cytotoxic compounds
(Bowman 2007 and referenced therein; Offret et al. 2016
and referenced therein), some of which could have negative
effects on coral larvae settlement if produced. Future
experiments testing the effect of different growth phases of
inductive (and to some extent toxic) isolates on the set-
tlement behavior of coral larvae may help to identify
possible settlement compounds and reveal their positive
and/or negative role in this metamorphic process. In
addition to toxic effects, #1634, #1693, #1694, #1701, and
#1810 were the only strains where we observed meta-
morphosis without prior attachment in L. purpurea larvae.
Studies on the settlement of marine invertebrate larvae
using neurotransmitters showed that attachment and
metamorphosis must not be linked and therefore might
require different compounds (Iwao et al. 2002; Grasso et al.
2011; Moeller et al. 2019). That is, the aforementioned
strains might have produced metabolites, likely water-
soluble, which triggered solely metamorphosis but not
attachment in coral larvae.
Another observation in this study was that every tested
bacterial monospecies biofilm induced lower settlement
behavior rates than the positive controls, being CCA
(82.6% ± 18.8). Even though CCA (Morse et al. 1988;
Price 2010; Ritson-Williams et al. 2014) and organic
extracts of CCA (Heyward and Negri 1999; Harrington
et al. 2004; Kitamura et al. 2009) are known to be potent
settlement inducers, the present study joins a series of
publications that display the dynamic ability of CCA-as-
sociated bacteria to induce settlement behavior in sclerac-
tinian corals (Negri et al. 2001; Tran and Hadfield 2011).
We could further demonstrate that this dynamic ability can
be increased by combining inductive strains to create
multispecies biofilms. Larvae in response to multispecies
biofilms consisting of strains #1792, #1678, #1633, and
#1721 (Microbulbifer variabilis) had a higher mean set-
tlement behavior response than any of the monospecies
biofilms or the positive controls. The formation of biofilms,
both mono- and particularly multispecies ones, can be
advantageous for bacteria because it lays the foundation for
cell-to-cell signaling and communication (Stoodley et al.
2002; Pasmore and Costerton 2003). Costerton and col-
leagues (1995) showed that multispecies biofilms have
greater variability in their three-dimensional structure than
monospecific biofilms, which may be an explanation for
the here observed increased settlement behavior rates.
Moreover, co-cultivation of bacteria increases the chemical
diversity (Marmann et al. 2014 and referenced therein) and
may have led to the production of more or other settlement
Fig. 5 Relative abundances of OTUs found in CCA fragments, CCA swabs, and sediment samples. Phyla making up less than 1% were
conjointly counted together and are represented as ‘‘Other phyla’’
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behavior inducing or enhancing compounds. The addition
of #1772 to multispecies biofilms resulted in a total loss of
inducing activity as all L. purpurea larvae died and dis-
solved. This particular result can have different reasons:
(i) strain #1772 overgrew the other strains; (ii) interactions
between the five strains in which #1772 reduced the set-
tlement behavior inducing activity of the four remaining
strains (e.g., by competition and the production of toxic
compounds); (iii) a combination of (i) and (ii). However,
the interactions between bacteria within multispecies bio-
films remain complex but might be a critical factor for the
settlement success of coral larvae.
The CCA-associated bacterial community was analyzed
in order to gain further insights into the role of the
inductive and toxic bacteria in this niche. In general, CCA
fragments and surface swabs hosted distinct bacteriomes
that largely differed from the sediment samples (see PCoA
plot in Fig. S1, online resource 1) but also from another
(the two none-to-weak inducing genera Aquimarina and
Paracoccus were only found in CCA surface swabs). The
composition of the surface-associated culture-independent
bacterial community of H. reinboldii (CCA swabs) was
similar to previously reported results (Sneed et al. 2015).
The short length of the Illumina MiSeq reads permitted
confident taxonomic assignment at the genus level.
Therefore, the comparisons between culture-dependent and
-independent bacterial communities in this study were
conducted at genus level. 17 of the 28 culturable genera
could not be found in the Illumina MiSeq samples, but
might have been below the detection threshold. This sug-
gests that these genera may not be dominant members of
the CCA-associated bacterial community. With regard to
their ecological significance, one can only draw speculative
conclusions based on the presence of certain genera, but
more substantiated conclusions based on the absence or
low abundance. For example, strain #1792 (Pseudovibrio),
which was not detected in the Illumina MiSeq samples,
induced settlement behavior in L. purpurea larvae at the
highest level among all isolates. Hence, undetected genera
might be relevant but their precise role in the settlement
process of L. purpurea remains to be deciphered. In con-
trast, both settlement behavior inducing genera Pseudoal-
teromonas (#1633 and #1783), which has shown toxic
effects upon larvae as well, and Acinetobacter (#1678)
were found in Illumina MiSeq samples of CCA fragments
and CCA surface swabs. The genus Pseudoalteromonas
was also found in the sediment samples, which is of no
surprise as it consists of obligate marine bacteria that are
highly abundant in the marine environment and have been
isolated from various marine sources, including (deep-sea)
sediments, seawater, sea ice, but also macroorganisms such
as algae, sponges, and mussels (Chan et al. 1978; Bowman
1998; 2007 and referenced therein; Park et al. 2005; Qin
et al. 2011). However, although Illumina MiSeq sequence
analyses have indicated the presence of settlement inducing
genera on CCA (e.g., Pseudoalteromonas and Acineto-
bacter), the ecological significance of the here discussed
inductive and toxic bacterial strains continues to be
determined. For a higher taxonomic resolution, we suggest
applying alternative sequencing technologies such as
metagenomic shotgun sequencing or Pacific Biosciences
(PacBio) single-molecule real-time sequencing (Earl et al.
2018). In addition, fluorescence-based imaging techniques
such as FISH (fluorescence in situ hybridization) or
imaging mass spectrometry such as DESI (desorption
electrospray ionization) or MALDI (matrix-assisted laser
desorption/ionization) may help to unequivocally prove the
occurrence of settlement inducing strains and estimate their
ecological relevance, i.e., by quantifying cell numbers,
analyzing the role of their bioactive compounds, and
screening for bacterial fingerprint compounds.
This study gave new insights into the microbial com-
munity associated with the CCA H. reinboldii and the
potential of specific CCA-associated strains to induce set-
tlement behavior in larvae of stony corals. Our findings
may help to provide additional approaches for reef
restoration projects of threatened coral reefs. Furthermore,
the results of this study highlight the putatively large
variety of settlement cues among bacteria and further
emphasized the ambiguous connection between the genus
Pseudoalteromonas and coral larvae settlement. Moreover,
this study demonstrated that only a few other H. reinboldii-
associated bacteria held (significant) inductive capacities
for the settlement of L. purpurea larvae. Since many of the
isolated species are known for being potent producers of
versatile bioactive molecules, possible settlement cues may
not be restricted to a single class of chemical compounds.
Thus, the true nature of the chemical and/or physical
interactions between biofilms and coral larvae remains yet
to be deciphered. Further investigations on the induction
mechanisms of a putative settlement cue will be intensified
to find out if larvae respond to a rather insoluble surface-
bound or to a soluble water-borne compound.
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